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Abstract—Gas microbubbles stabilized by a surfactant or polymer coating are of considerable clinical interest
because of their imaging and drug delivery potential under ultrasound exposure. The utility of microbubbles for a
given application is intrinsically linked to their structure and stability. These in turn are highly sensitive to coating
composition and fabrication techniques. Various methods including fluorescence and atomic force microscopy have
been applied to characterizemicrobubble properties, but direct observation of coating structure at the nanoscale still
poses a considerable challenge. Here we describe a transmission electronmicroscopy (TEM) technique to observe the
surface of microbubbles. Images from a series of phospholipid-coated microbubble systems, including those deco-
rated with nanoparticles, are presented. They indicate that the technique enables visualization of the coating struc-
ture, in particular lipid discontinuities and nanoparticle distribution. This information can be used to better
understand how microbubble surface structure relates to formulation and/or processing technique and ultimately
to functionality. (E-mail: eleanor.stride@eng.ox.ac.uk)  2015 The Authors. Published by Elsevier Inc. on behalf
of World Federation for Ultrasound in Medicine & Biology. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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coating of a biocompatible surfactant or polymer are
currently used in ultrasound imaging as contrast agents
(Harvey et al. 2002; Meltzer et al. 1980). They have been
reported to move through the vasculature in a manner
kinetically similar to erythrocytes (Jayaweera et al.
1994; Keller et al. 1989) and can improve ultrasound
backscatter from blood by several orders of magnitude
(Gramiak and Shah 1968). The outer coating stabilizes
the microbubble by providing a barrier to gas diffusion
and reducing surface tension (Nanda 1997). Its structure
and mechanical properties have a strong influence on the
bubble’s acoustic response and destruction threshold
and hence utility in clinical applications (Stride 2008;
Stride and Edirisinghe 2008). It also provides a surface
enabling therapeutic material to be attached to the bubble
so that it can be used as a vehicle for drug delivery or
gene therapy (Lentacker et al. 2007; Unger et al. 1998).
Microbubbles may be functionalized by the addition
of other species such as targeting ligands or nanoparticles
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eng.ox.ac.uk32to enable localization and/or multi-modal imaging, such
as via magnetic resonance and photoacoustics (Dove
et al. 2013; Yang et al. 2009). In order to optimize their
characteristics for a given application, it is important to
be able to determine the quantity of a functional species
on a bubble and their location and distribution (Ferrara
et al. 2009). Hence, there is a significant need for direct
visualization of the nanoscale structure of the microbub-
ble shell.
The most widely used method for examining
microbubble surface structure, such as the distribution
of surface ligands, is via fluorescence microscopy (e.g.,
Borden et al. 2006). However, as highlighted by
Kooiman et al. (2014), this is only suitable for relatively
large bubbles, outside the clinically relevant range. Fluo-
rescence lifetime imaging enables quantification of
nano-scale surface properties but not direct observation
of spatial features (Hosny et al. 2013). Polymer-coated
microbubbles can be readily visualized via electron
microscopy because of their relatively stiff shell (He
et al. 2012; Yang et al. 2009). Similarly, liposomal
structures have been widely analyzed via electron
microscopy (Amstad et al. 2011; Voinea et al. 2005),
and these techniques have been adapted to image
acoustically active liposomes (i.e., bi- or multi-lamellar53
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May et al. obtained scanning electron micrographs of
acoustically active liposomes (diameter . 1 mm) frozen
and cracked via a cryostage and successfully measured
the shell thickness (May et al. 2002). Vlaskou et al.
embedded magnetic and acoustically active liposomes
(diameter . 1 mm) in 10% gelatin, and thin sections
were then stained with uranyl acetate and lead citrate
for contrast to study the distribution of nanoparticles
within the liposome structure (Vlaskou et al. 2010).
Hitchcock et al. examined echogenic liposomes 400
nm in diameter also using negative uranyl acetate stain-
ing using sufficiently high magnification that the phos-
pholipid bilayer was visible. Voids corresponding to
gas pockets were successfully observed, indicating that
the liposomes remained structurally intact in the vacuum
environment of the electron microscope (Hitchcock et al.
2010).
Phospholipid coated microbubbles (i.e., microscale
gas spheres surrounded by a phospholipid monolayer)
are more challenging to image, however, because of
their tendency to collapse under vacuum. Abciximab
immunobubbles developed by Bracco Research SA
(Geneva, Switzerland) were successfully observed via
scanning electron microscopy (SEM) bound to a
thrombus after drying and coating with a gold/palladium
mixture (Metzger et al. 2015). This technique is, howev-
er, specific for bound microbubbles, and nano-scale
surface details could not be observed in the images.
Transmission electron microscopy (TEM) was also
used to confirm attachment of a gold labeled
antibody to the surface of a Visualsonics Micromarker
(FUJIFILM Visualsonics Inc., Toronto, Ontario, Can-
ada) target ready contrast agent (Martin et al. 2007).
However, it was not stated whether or not microbubbles
were stabilized in the vacuum environment and again
nanoscale surface structures could not be clearly
discerned. Kim et al. used freeze-fracture TEM to
obtain images of a replica of a phospholipid-coated
microbubble surface, which showed ‘‘domain-like’’
structures with sub-micrometer dimensions (Kim et al.
2003). This technique was also utilized by Borden
et al. and Sirsi et al. to observe surface structures on
phospholipid-coated microbubbles and lung surfactant
microbubbles, respectively (Borden et al. 2006; Sirsi
et al. 2009). However, freeze-fracture TEM is an expen-
sive technique and has not been commonly used for
microbubble characterization.
The aim of this study was to determine whether
phospholipid-coated microbubbles could be imaged
intact using conventional TEM by modifying the sample
preparation method. We report a simple, low-cost tech-
nique to concentrate the microbubbles on the electron
microscope grid by exploiting their buoyancy followedby uranyl acetate staining both to provide contrast and
to assist in maintaining the structural integrity of the
microbubble.
METHODS
Three types of phospholipid microbubble with
different surface characteristics were analyzed: (i)
microbubbles coated with a mixture of 1,2-Distearoyl-sn-
glycero-3-phosphocholine (DSPC) and polyethylenegly-
col-40-stearate (9:1 molar ratio); (ii) microbubbles coated
with the same phospholipid/emulsifier mixture combined
with 15nmspherical gold nanoparticles (23 1014 nanopar-
ticles/mL) (Mohamedi et al. 2012); and (iii) phospholipid
microbubbles mixed with liquid droplets containing 10
nm magnetic nanoparticles (5 3 1013 nanoparticles/mL)
(Owen et al. 2012; Stride et al. 2009). All microbubbles
were prepared by sonication in deionized water using
sulphur hexafluoride (SF6) as the filling gas. Please see
references for further fabrication details. DSPC was
purchased from Avanti Polar Lipids (Alabaster, Alabama,
USA), magnetic nanoparticles from Liquids Research
(Bangor, UK), and all other materials from Sigma-
Aldrich (Dorset, UK).
For transmission electron microscopy, 30 min after
microbubble production, 5 mL of each microbubble solu-
tion (109 bubbles/mL) was applied to carbon film–
coated 300 mesh copper grids (Electron Microscopy
Sciences, Hatfield, PA, USA), which had been gently
ionized in a plasma cleaner (Harrick Plasma, Ithaca,
NY) for 30 s. The first grid was used as a control, and
phospholipid microbubbles were simply added in a
similar manner to liposomes (Hitchcock et al. 2010),
whereas the second grid was inverted for approximately
1 min to allow a high concentration of microbubbles to
accumulate on the grid surface. This process was repeated
for all microbubble samples. Grids were negatively
stained by incubation with a 5 mL drop of 2% w/v uranyl
acetate for 30 s. The grid was then dried using filter paper
and left for approximately 1 min. The grids could then be
stored indefinitely for analysis. Samples were visualized
at 80 kV with an FEI Tecnai T12 electron microscope
and low-dose images were acquired at 0.8 mm underfo-
cus with 15 e2/A2 on an FEI Eagle CCD camera. Images
were acquired at a nominal magnification of 346000,
which was found to be at a pre-calibrated magnification
of 356603 to produce a specimen sampling of 0.265
nm/pixel.
RESULTS
Phospholipid microbubbles (9:1 DSPC:PEG-40-
Stearate)
No microbubbles could be discerned on the control
grid (non-inverted sample). Instead objects of various
Fig. 2. Transmission electron microscope image of a pre-
concentrated sample of phospholipid-coated microbubbles. Ar-
row 1 indicates a large discontinuity on themicrobubble surface.
The inset shows a higher magnification image of the microbub-
ble and arrow 2 indicates a lipid coated object on the surface of
the microbubble. The dark areas surrounding the bubbles are
due to pooling of the uranyl acetate stain.
TEM characterization of phospholipid microbubble coatings d J. OWEN and E. STRIDE 3255shapes and sizes were seen (Fig. 1). Previous electron
microscopy observations of liposomes (Hitchcock et al.
2010) via a similar method suggest that these were
non-buoyant lipid-coated objects generated during the
microbubble production process. When microbubbles
were concentrated on the copper grid by inversion, how-
ever, the TEM images clearly showed circular objects
between 1 and 5 mm in diameter (Fig. 2), consistent
with the microbubble size distribution obtained from op-
tical microscopy (supplementary data). Increasing the
magnification revealed large discontinuities in the phos-
pholipid shell (Fig. 2, arrow 1), which may correspond to
folds in the shell, and also the presence of discrete struc-
tures of similar contrast, possibly vesicles, preferentially
attached to the surface near these discontinuities (Fig. 2,
arrow 2).
Phospholipid microbubbles coated with gold
nanoparticles
Again the control sample had no intact microbub-
bles, whereas the inverted grid revealed microbubbles
that exhibited fewer discontinuities across their surfaces
relative to the DSPC:PEG-40-stearate microbubbles. At
higher magnification, high-contrast objects were
observed on the surface consistent in size and contrast
with the gold nanoparticles (Fig. 3, arrow 1). Those dis-
continuities that could be observed on the surface were
much less pronounced than on DSPC:PEG-40-stearate
microbubbles (arrow 2). Slightly larger, lower contrast
circular regions (arrow 3) could also be observed inFig. 1. Transmission electron microscope image of a sample of
phospholipid coated microbubbles where the grid was not
inverted.
Fig. 3. Transmission electron microscope image of a pre-
concentrated sample of phospholipid microbubbles coated in
gold. The inset shows a higher magnification image of the mi-
crobubble surface. Arrow 1 indicates a gold nanoparticle 10
nm in diameter. Arrow 2 indicates a discontinuity in the phos-
pholipid surface and arrow 3 is an example of a higher contrast
circular region, which are seen over the whole microbubble
surface.
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These could be domains of condensed or expanded lipid
formed during microbubble cooling (analogous to grain
boundaries in crystalline materials [Kim et al. 2003])
or, more likely, gold nanoparticles displaced from the
focal plane. Analysis of the images (8 separate microbub-
bles) indicated that the gold nanoparticles were randomly
distributed over the microbubble surface with a surface
concentration of approximately 13 6 2 nanoparticles/mm2
(taking into account only those particles that were in
focus in the images). This is consistent with an
adsorption-based attachment mechanism. From the con-
centration and size distribution of the microbubbles
(supplementary data), this corresponds to 5 3 108 nano-
particles per mL of the suspending solution becoming
bound to the microbubbles (i.e., ,1% of the available
particles [2 3 1014 nanoparticles/mL]).
Magnetic droplets and phospholipid microbubbles
Figure 4 shows DSPC:PEG-40-stearate (9:1) micro-
bubbles mixed with magnetic droplets examined via elec-
tron microscopy. Again discontinuities in the coating
could be seen and, at higher magnification, clusters of
iron oxide nanoparticles were visible at these discontinu-
ities (Fig. 4, inset) consistent with adsorption of magnetic
droplets onto the surface of the microbubbles. The size of
droplets varied, as did the number of droplets attached to
each microbubble, but on average (based on 8 separateFig. 4. Transmission electron microscope image of a pre-
concentrated sample of phospholipid microbubbles mixed
with magnetic droplets. The inset shows a higher magnification
image of the microbubble surface with clusters of nanoparticles
located at a surface discontinuity.bubbles) therewere 3 droplets per 10 mm2with20 nano-
particles each. This again corresponded to a small propor-
tion of the nanoparticles available in the suspending
liquid (,1%).
DISCUSSION
In the inverted samples, objects with a circular
projection consistent with intact microbubbles were
observed from all the formulations. The sizes of the
microbubbles observed via electron microscopy corre-
sponded to those obtained via optical microscopy
(supplementary data). This was in contrast to the control
samples in which no regularly shaped objects were seen
(Fig. 1). Nano-scale features of the microbubble surface
were clearly visible in all cases. In those formulations
containing nanoparticles, dark spherical objects in the
correct size range could be clearly visualized and their
concentration and surface distribution could be esti-
mated. The technique thus has the potential to test the val-
idity of hypothesized bubble structures. For example,
solid nanoparticles adsorbed onto the surface of micro-
bubbles have been found to influence both their stability
and acoustic properties (Stride 2008). It has been pro-
posed that this is due to a high surface concentration
of particles ‘‘jamming’’ and preventing the bubble from
compressing, but no direct evidence has previously
been obtained. Figure 3 confirms that gold nanoparticles
are indeed located on the surface of the microbubble that
would enable particle jamming. Similarly, previous work
has indicated that magnetic microbubbles can be formed
via fusion of droplets containing magnetic nanoparticles
with phospholipid-coated microbubbles. Figure 4 pro-
vides further evidence for this process, reinforcing results
obtained previously using fluorescence microscopy and
magnetic targeting (Owen et al. 2012). The results thus
indicate that the technique was successful in providing
a means of imaging microbubble coating structure at
the nano scale.
Limitations
As presented, this technique only provides a 2-D
projection of a 3-D structure, which inevitably limits
what can be observed and deduced. However, the sample
preparation method should be compatible with 3-D imag-
ing techniques in a different TEM system. The results
obtained indicate that microbubbles survive the process-
ing technique, but it is unknown whether there are any
other effects on the structure. For example, all microbub-
bles had discontinuities within the coating. The phospho-
lipid microbubbles had what appeared to be folds in their
shell. These could have been due to some degree of crum-
pling in the electron microscope vacuum or simplymicro-
bubbles losing gas and wrinkling as they shrank before
TEM characterization of phospholipid microbubble coatings d J. OWEN and E. STRIDE 3257imaging. Alternatively they may have been related to the
domain boundaries reported by Kim et al. (2003).
Objects in the solution that are reversibly bound to
the microbubble surface cannot be differentiated from
objects that are irreversibly bound, such as vesicles or
nanoparticles. Centrifugation could be used in order to
remove any non-bound objects before imaging to address
this question (Feshitan et al. 2009), although it is likely
some will still be present in solution. Nanoparticle con-
centration and surface distribution can be deduced from
the images; at present, however, there is no other tech-
nique available to confirm the results obtained.
CONCLUSIONS
A simple technique has been developed to enable
visualization of gas-filled microbubbles within the vac-
uum environment of an electron microscope. Exploiting
the microbubbles’ buoyancy to achieve a high concentra-
tion on the sample grid and coating the microbubbles with
uranyl acetate allows their structure to be maintained
during imaging. The technique allows surface features
such as discontinuities and vesicles to be observed on
phospholipid microbubbles. In addition, functional com-
ponents such as nanoparticles embedded within the bub-
ble shell can be directly visualized. The technique is low
cost and versatile and it is hoped will be a useful tool for
microbubble characterization, for example, to examine
the relationship between shell structure, composition
and fabrication technique.
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